Abstract Disrupted-in-schizophrenia 1 (DISC1) was initially identified as a gene disrupted by a translocation mutation cosegregating with a variety of psychotic and mood disorders in a Scottish pedigree. In agreement with this original finding, mouse models that perturb Disc1 display deficits of behaviors in specific dimensions, such as cognition and emotion, but not a motor dimension. Although DISC1 is not a risk gene for sporadic cases of specific psychiatric disorders defined by categorical diagnostic criteria (e.g., schizophrenia and major depressive disorder), DISC1 is now regarded as an important molecular lead to decipher molecular pathology for specific dimensions relevant to major mental illnesses. Emerging evidence points to the role of DISC1 in the regulation of intracellular trafficking of a wide range of neuronal cargoes. We will review recent progress in this aspect of DISC1 biology and discuss how we could utilize this body of knowledge to better understand the pathophysiology of mental illnesses.
Introduction
Since the discovery of disrupted-in-schizophrenia 1 (DISC1) as a gene disrupted by a balanced chromosomal translocation (1;11)(q42.1;q14.3) in a large Scottish kindred associated with hereditary mental illnesses, including both depression and schizophrenia, a number of cell and molecular studies have reported on the roles of DISC1 in neurodevelopment and synaptic functions [1] . These studies have laid the groundwork for biological hypothesis of major mental illnesses. Subsequently, mouse models mimicking DISC1 dysfunction successfully demonstrated behavioral deficits in cognitive and emotional dimensions, satisfying face validity of these mice as models of a wide range of human psychiatric conditions [2] . Recent genome-wide association studies with large cohorts of patients with schizophrenia and bipolar disorder have failed to identify DISC1 as a promising gene associated with sporadic cases of a specific condition [3] , which is in accordance with the results of meta-analyses [4] . Although it has become evident that DISC1 no longer serves as a risk gene for specific psychiatric disorders, which are defined by categorical diagnostic criteria that are currently used (e.g., schizophrenia and major depressive disorder), DISC1 continues to be regarded as a molecular lead to decipher molecular pathology underlying specific dimensions relevant to major mental illnesses [5] .
Accumulating evidence from cell biology studies has provided a new glimpse of this gene as an attractive lead useful not only for understanding the pathophysiological processes, but also for developing novel treatment options for the disease. Of note, a number of proteins that bind DISC1 have turned out to be components of intracellular trafficking machinery in neurons, as will be discussed in detail in the following sections. DISC1 appears to function as an adaptor that links a wide variety of neuronal cargoes to respective motor machinery, through interaction with its multiple binding Electronic supplementary material The online version of this article (doi:10.1007/s13311-017-0556-5) contains supplementary material, which is available to authorized users. partners (Fig. 1) . This view proposes DISC1 as a central coordinator of neuronal trafficking that enables proper delivery of a range of cargoes with spatial and temporal precision, thereby ensuring normal neuronal development, as well as functional homeostasis. While the role of DISC1 in neurodevelopment has been extensively studied in the past literature [6] , a series of recent reports also emphasize the role of DISC1 in the functional regulation of synapses at postdevelopmental stages [7] [8] [9] [10] [11] [12] [13] [14] . However, mechanistic underpinnings of how DISC1 regulates both neurodevelopment and postdevelopmental synaptic functions remain to be understood.
Here we discuss the possibility that the DISC1-containing neuronal trafficking machinery provides a unified platform for regulating both neurodevelopment and neuronal functions, which likely helps us understand the disease trajectory based on such a unified molecular mechanism.
DISC1 Interactome
Because DISC1 has no significant sequence homology to any functional domains with particular enzymatic activities or a known functional motif, attempts were made to predict the functional property by identifying its binding partners through a series of yeast 2-hybrid screens and co-immunoprecipitation assays. As previously summarized [1] , a plethora of proteins were identified in these initial efforts, including cytoskeletonor centrosome-associated proteins (e.g., nudE-like 1, lissencephaly-1, microtubule-associated protein 1A, β4-spectrin, Bardet-Biedl Syndrome 4), motor proteins (e.g., kinesin-related protein 5, dynein/dynactin), adaptor proteins [e.g., fasciculation and elongation protein zeta 1 (FEZ1), Huntingtin-associated protein 1], and synaptic enzymes (e.g., Kalirin-7). DISC1 appears to have a modular structure, in which each part of the protein serves as a binding domain for respective binding partners (as shown in Fig. 2 ). More extensive yeast 2-hybrid screens coupled with pathway analyses revealed the DISC1 interactome [19] , which further implicated DISC1 in intracellular transport processes along the cytoskeletal network. These studies collectively supported the idea that DISC1 controls neurodevelopment and synapse maturation via regulation of neuronal trafficking processes.
DISC1 as a Neuronal Cargo Adaptor
Subsequent studies continued to provide a wider view of the role of DISC1 in neuronal trafficking. In particular, types of cargoes reported to be transported by DISC1-containing trafficking machinery now range from organelles to mRNA to neurotransmitter receptors (Table 1 , Fig. 1 ). In each case, DISC1 appears to serve as an adaptor that links a cargo to a specific motor complex by recruiting an additional set of adaptor proteins. It is also becoming evident that DISC1 regulates both short-(i.e., within soma) and long-distance (i.e., between soma and axons or dendrites) trafficking, depending on subcellular localization of each cargo or on local needs inside neurons. In the following section, we will summarize the components and the regulatory modes of DISC1-mediated trafficking of a series of cargoes.
Mitochondria
DISC1 regulates mitochondrial dynamics (trafficking, fission, and fusion), which is shown to be essential for synaptogenesis and neurotransmission [30] . Direct evidence that DISC1 plays a role in mitochondrial transport came from a study showing that overexpression or depletion of DISC1 caused an increase or a decrease, respectively, in the proportion of motile mitochondria in axonal and dendritic compartments of cultured neurons [31] . This finding is in good agreement with the notion that DISC1 functions in synaptic regulation, as a previous study implicated the role of mitochondrial transport in morphogenesis and plasticity of spines and synapses [32] . Molecular evidence showed that DISC1 interacts with both Miro, a mitochondrial resident protein with calcium-binding and guanosine triphosphatase-like domains critical to mitochondrial transport [33, 34] , and trafficking kinesin-binding protein 1/2 (TRAK1/2) key trafficking adaptor proteins critical for linking cargoes to kinesin motors [35] , thereby forming a protein complex responsible for efficient mitochondrial transport [20, 21] . Miro interacts with the N-terminal domain , which corresponds to a putative truncated DISC1 mutant speculated to be produced by the Scottish translocation mutation, inhibited dendritic outgrowth in cultured neurons [21] . Consistently, a similar decrease in dendritic complexity has been reported in a series of DISC1 mutant mouse models [7, [36] [37] [38] [39] , as well as in postmortem brain samples from psychiatric patients [40] . Additionally, DISC1 is reported to collaborate with syntaphilin, an axonally targeted anchor protein, to control mitochondrial transport for axonal branching and function [41] . Thus, these lines of evidence suggest that deficits in DISC1-mediated mitochondrial transport impair neurodevelopment and contribute to susceptibility to psychiatric manifestation. It remains to be studied whether this mechanism for DISC1-mediated mitochondrial transport also plays a direct role in controlling synaptic functions in mature synapses at postdevelopmental stages. Because mitochondria are critical sensors and regulators of intracellular calcium signaling, and thus critical for synaptic functions [42] , and The exact domain of DISC1 that interacts with dopamine D2 receptor (D2R) has not been mapped in the original literature [18] , but Disc1 L100P mutation has been shown to influence Disc1-D2R interaction, suggesting that the Nterminal domain encompassing this point mutation is presumed to provide at least a part of binding interface with D2R aberrant calcium homeostasis due to mitochondrial dysfunction has been reported for neuropsychiatric diseases, including autism [43] , it is worth studying the role of DISC1 in mitochondrial calcium dynamics. In this regard, it is of note that DISC1 regulates endoplasmic reticulum calcium dynamics via interaction with EXOC, a subunit of the exocyst complex, and inositol-1,4,5-trisphosphate receptor 1 (ITPR1) which plays a critical role in synaptic plasticity [44] .
Synaptic Vesicle
DISC1 also plays a role in transport of synaptic vesicle (SV) precursors in cultured neurons [22] . DISC1 knockdown or expression of the truncated Scottish DISC1 mutant in cultured neurons caused a decrease in the proportion of motile SV precursors. Molecular evidence showed that DISC1 interacts with FEZ1 adaptor protein [23] , and stabilizes the complex formation between FEZ1 and synaptotagmin-1, a SV-resident protein important for the regulation of neurotransmitter release [22] . Consistently, defects in axonal morphology and presynaptic firing rate have been observed in Disc1 mutant mice that carry a putative C-terminal truncation mutation in Disc1 locus mimicking the Scottish translocation mutation [37] . Furthermore, deficits in SV release were also reported in human induced pluripotent stem cell-derived forebrain neurons that harbor a frame shift mutation in DISC1 [11] . Collectively, the results suggest a possible role of DISC1-mediated SV transport in the regulation of axonal and presynaptic functions.
Amyloid Precursor Protein
A recent report showed that DISC1 regulates trafficking and processing of amyloid precursor protein (APP), a neuronal vesicle-resident transmembrane protein implicated in the pathophysiology of Alzheimer's disease [28] . DISC1 knockdown in cultured neurons caused a decrease in APP internalization and a reciprocal increase in surface expression of APP, leading to alteration in proteolytic APP processing and amyloid beta generation. Molecular studies established that APP transport in axons is regulated by kinesin-1 motor and its adaptor c-Junamino-terminal kinase-interacting protein 1 [45] . It remains to be tested whether the known machinery for APP trafficking could work in concert with DISC1-mediated mechanisms to regulate APP trafficking and processing. Nonetheless, the mechanisms underlying DISC1-APP interaction may provide an opportunity to test whether APP serves as a modifier of neuropsychiatric conditions regulated by DISC1 function. Alternatively, this could also provide a molecular clue that may contribute to deeper understanding of deficits in neurocognitive processes in neurodegenerative diseases.
mRNA
A recent nonbiased proteomic approach identified a several RNA-binding proteins, including hematopoietic zinc finger (HZF), as an additional class of DISC1 binding partners [13] . HZF interacts with several mRNAs, including the one for ITPR1. DISC1 enhances the association of ITPR1 mRNA/ HZF-containing granule with kinesin-1 to deliver the complex toward the dendrite. Loss of function of DISC1 reduces the rate of dendritic transport of ITRP1 mRNA, resulting in impairment of synaptic plasticity.
Components at the Excitatory and Inhibitory Postsynapses
Emerging evidence highlights additional strategy for neurons to regulate neurotransmission via DISC1-dependent local trafficking mechanisms in both excitatory and inhibitory postsynapses. At the resting state of excitatory postsynapses, DISC1 forms a complex with postsynaptic density protein 95 and sequesters guanine exchange factor Kalirin-7, limiting access of Kalirin-7 to Rac1 guanosine triphosphatase. Upon N-methyl-D-aspartate receptor activation, Kalirin-7 is released from this complex and facilitates Rac1-guanosine triphosphate binding, resulting in p21 activated kinase phosphorylation and increased synaptic transmission [7] . Recent reports also suggest DISC1-dependent mechanisms for regulating the trafficking of γ-aminobutyric acid (GABA) A receptors, which mediate fast inhibitory neurotransmission [46] . Disturbance in GABA system has been implicated in the pathophysiology of neuropsychiatric disorders, including schizophrenia. DISC1 knockdown caused a decrease in surface expression of GABA A receptors in cultured neurons, and concomitant reduction in GABA A receptormediated inhibitory currents [14, 25] , as well as deficits in GABA A receptor-mediated dendritic development [25] . Because molecular evidence shows that trafficking of GABA A receptors are regulated in a kinesin-1-dependent manner [26, 27] , it remains to be tested whether DISC1-dependent mechanisms for GABA A receptor trafficking are linked to this motor machinery. Collectively, these studies suggest that DISC1 coordinates the excitatory-inhibitory balance at the circuit level via regulation of trafficking of both excitatory and inhibitory neurotransmitter receptors. This further raises a possibility that excitatory-inhibitory imbalance due to deregulated DISC1 function may underlie deficits in long-term potentiation or cortical plasticity, as observed in several Disc1 mutant mouse models [13, 39] .
Dopamine D2 Receptor
In addition, DISC1 has been shown to couple with the dopamine D2 receptor (D2R), which serves as a main target of a majority of antipsychotic drugs currently available [18] . In this report, interaction of DISC1 with D2R was found to be enhanced in postmortem brain samples from sporadic cases of patients with schizophrenia, as well as in Disc1 L100P point mutan t mice th at ex hibit sch izoph renia-re la ted endophenotypes, such as amphetamine-induced hyperlocomotion and disrupted prepulse inhibition. Molecular analysis demonstrated that greater levels of DISC1-D2R association stabilize D2R signaling by enhancing surface presentation of D2R. Conversely, inhibiting DISC1-D2R association in Disc1 L100P mice using specific interfering peptides downregulated the surface expression of D2R and ameliorated hyperlocomotion and disrupted prepulse inhibition. This work supported a notion that DISC1-D2R interaction has a causal role in psychiatric manifestation, and presented a potential avenue for a novel therapeutic approach against such conditions.
Discussion and Future Therapeutic Perspective
As described above, it is increasingly evident that DISC1 plays a broad role in regulating the trafficking of a wide range of cargoes at multiple neuronal compartments over the entire neuronal life span. It goes beyond our imagination how 1 protein could coordinate such multiple tasks in a temporally and spatially controlled manner. One strategy to determine cargo specificity is to use a distinct combination of adaptor proteins; we have described that DISC1 couples with Miro on the mitochondria, whereas FEZ1 couples with synaptotagmin-1 on the SV. Another strategy that neurons could use is to modulate DISC1 functions by post-translational modifications, most notably via phosphorylation of a specific amino acid. For example, unphosphorylated DISC1 binds glycogen synthase kinase 3 beta and promotes neuronal proliferation via Wnt signaling regulation, whereas phosphorylated DISC1 (at serine-710) preferentially interacts with Bardet-Biedl syndrome proteins and recruits them to the centrosome to drive the migration of postmitotic neurons [47] . Additionally, phosphorylation of DISC1 at serine-58 enhances its affinity to activating transcription factor 4 [48] , suggesting that phosphorylation may provide neurons with a strategy to alter DISC1 binding specificity. Another key issue to control DISC1-mediated trafficking is its propensity to form multimers or aggregates; modest overexpression of DISC1 in the nervous system is reported to trigger DISC1 multimerization and subsequent changes in the activity of D2R signaling [49] . Likewise, DISC1 point mutation S704C is shown to be prone to aggresome formation [50, 51] , which may negatively affect neuronal trafficking [52] . DISC1 is also reported to interact with Huntingtin (HTT), a protein that is aberrantly regulated in Huntington's disease (HD) and that also functions as a component of kinesin-1-dependent intracellular trafficking machinery [29, 53] . In a recent study, mutant HTT proteins with polyglutamine tracts present in HD brains were shown to form aggregates with DISC1 and titrate out the functional pool of DISC1, thereby causing neuropsychiatric symptoms observed in HD [29] . This study underscores the critical roles of HTT and DISC1 in the regulation of neuronal trafficking, which may underlie part of HD pathophysiology.
Neuronal trafficking provides neurons with a means to ensure their viability and achieve highest levels of functional homeostasis. Although we now have a body of knowledge demonstrating that DISC1 regulates neuronal trafficking during neurodevelopment, as well as at functionally matured states, a question remains as to how DISC1 dysfunction may lead to psychiatric manifestation through deregulated neuronal trafficking. One possibility is that impaired DISC1 function during development would result in formation of malfunctioning neuronal circuit that is prone to psychiatric manifestation at later stages. An alternative view is that impaired DISC1 function during development may impose minimal influence on the development of the circuitry, and deterioration of the trafficking machinery at later stages, coupled with environmental stressors, would mainly drive psychiatric manifestation. In either case, dysfunction in DISC1-mediated trafficking mechanisms likely leads to circuit-level disturbance through deregulated trafficking of both excitatory and inhibitory neurotransmitter receptors. Besides, the roles of DISC1 in neuronal trafficking are consistent with and complementary to a previously proposed view that DISC1 functions as a signaling scaffold protein or a synapse integrator [1] . Both the signaling and synaptic components need to be transported to the appropriate subcellular compartments for their optimal functioning; deregulated trafficking of these components likely deteriorates neuronal functions, leading to psychiatric manifestation. Questions remain as to how this genetic deficit manifests as neuropsychiatric symptoms through homeostatic compensation of the affected brain network, as discussed for autism spectrum disorders [54] .
Another question is whether and how we could manipulate this DISC1-mediated trafficking system to conceive potential therapeutic avenues against psychiatric disorders. Given a number of binding partners and pleiotropic effects of DISC1, targeting the trafficking machinery regulated by DISC1 is expected to have profound effects on neuronal functioning or viability, excluding such strategies as viable options. One possibility may be to achieve specificity of targeting by focusing on a specific interface between DISC1 and its binding partner, as exemplified by Su et al. [18] ; targeting the function of only 1 binding partner could presumably minimize potential side effects of the intervention. Nonetheless, careful attention must be paid to any therapeutic interventions that might have potential influences on fundamental neuronal mechanisms, such as intracellular trafficking regulation. In the case of targeting DISC1 as a therapeutic lead, available DISC1 mouse models will prove useful in evaluating the efficacy, as well as predicting adversities, of such treatment options.
Mental illnesses, including schizophrenia and mood disorders, affects up to 5% of the population worldwide in a given year, with a lifetime prevalence of~20%, presenting a major burden on personal lives, healthcare systems, and society at large [55] . Although prior studies show that these disorders occur through a complex interaction of multiple genetic and environmental risk factors, the underlying pathophysiological mechanisms remain only fragmentally understood, and treatment options with available neuroleptics or antidepressants are only effective in alleviating some of the symptoms in a subset of patients. Part of the reasons for this problem could be that current treatments are identified serendipitously as agents that improve a portion of abnormal behavioral symptoms without targeting underlying pathophysiology. It could also be because the causes of the disorders are multifactorialmixed etiologies of both genetic and environmental factors, leading to varying degrees of multiple symptomatologies. Under this circumstance, it might be difficult to treat mental illnesses with a single therapeutic regimen. It is therefore increasingly important to identify or develop new therapeutic avenues that current treatment options fail to target. In this regard, further characterization of detailed molecular mechanisms underlying DISC1-mediated neuronal trafficking would be the first step toward the goal.
